During a cell culture in a bioreactor, the cells are exposed to the shear stresses mainly generated in the culture medium by the mixing device. Beyond a critical shear stress, this exposition induces cell damages. Therefore, the limitation of the shear stress is an important criterion for the design of bioreactors. An accurate modeling of the flow and the induced shear stresses in the medium is a tool to achieve an effective design of a bioreactor. In this work, a new design of a mixing device is considered. The aims of this work are to develop a methodology to study the flow and the induced shear stresses in the device, to study and to model the relation between the flow, the induced shear stresses and the cell viability, to use the developed model as an optimization tool, and to study the design of the bioreactor mixing device and its scale-up. In a first step, the flow and the induced shear stresses in the device are simulated by Computational Fluid Dynamics. In a second step, the model of the influence of the flow and the induced shear stresses on the cell viability is established by a comparison between the computed flow and the induced shear stresses and experimental measurements of cellular viabilities for different impeller rotation speeds. Finally, the influence of another design of the mixing device on the cell viability is studied.
1.

Introduction
More and more complex biopharmaceuticals are produced by animal cell cultures in a bioreactor (Blüml 2007; Decker et al. 2007 ). In a bioreactor, the cells are exposed to the shear stresses generated in the medium by the mixing device (Varley et al. 1999) . The exposition to the shear stresses can have several significant impacts on the cells, such as a decreasing cell growth, the cell death … (Ludwing et al. 1992; Camacho et al. 2007; Barbouche 2008) . The cell sensitivity to the shear stresses depends on their mechanical properties. The viscous-elastic properties of the cell membrane enable to tolerate high shear stresses during a short time exposure (Prokop 1991; Mazzag 2002) . The cell tolerance to the shear stresses depends on several parameters such as the level of the shear stresses, the time of the exposure to the stresses, the physiological state of the cells ... (Zhang et al. 1993; Shiragami et al. 1994; Wu 1999) . The cell sensitivity to these shear stresses has to be considered for the bioreactor operation (Elias et al. 1995; Nienow 2006) . However, the difficulties to evaluate the shear stresses in a mixing medium system and the complexity of their impact on the cells are a problem to design bioreactors specially for the large scale (Henzler 2000; Ibrahim et al. 2004) . Some devices exist to characterize the cell sensitivity to the shear stress. Nevertheless, the flow, the shear stress level, the exposure time of the cells to the shear stresses in these devices are much different than in the bioreactor. The influence of the shear stress on the cells has to be studied in the operating conditions of the cell culture in the bioreactor.
Nowadays, the bioreactor design for the animal cells cultures is usually realized by two methods. The first method is based on experimental tests. In a bioreactor prototype, the cell viability is measured for different operating conditions. Often, several prototypes are required before obtaining the final version of the bioreactor. This method is time consuming and cost expensive. The second method is based on the estimation of the maximal shear stress generated in the medium. The operating conditions are defined to remain the maximal shear stress in the medium below the limited shear stress tolerated by the cells (Maranga et al. 2004 ). This method does not take into account the exposition time of the cell to the flow and the induced shear stresses. Therefore, a more effective design procedure could be based on a better representation of the flow and the induced shear stresses.
The first objective of this work is to characterize the flow and the induced shear stresses in a mixing device patented by the biotechnological company Artelis S.A.. The studied mixing device is a centrifugal pump used in a single-use bioreactor for the animal cells (Patent deposit 2006; Artelis SA 2007; Patent deposit 2007; Patent deposit 2007) . This characterization is based on the Computational Fluid Dynamics (CFD). CFD is a well developed tool to study the flow in complex geometries. Using this technique to study the impact of the flow and the induced shear stresses on the cells is mentioned by several authors as being a promising approach (Barbouche et al. 2007; Hutmacher et al. 2008; Singh et al. 2009 ).
The second objective is to correlate the flow and the induced shear stresses with experimental followings of the time evolution of the viable cell concentration. From this correlation, a relation between the kinetic of the cell death rate and the CFD computed flow and the induced shear stresses is developed.
The third objective is to use this correlation to characterize another pump. The influence of the flow generated by this second pump on the kinetic of the cell death is compared to this influence on the kinetic of the cell death rate by the first pump.
This paper is organized as follows. The materials and methods used in this work are presented in section 2. The results are discussed in section 3. Finally, the section 4 summarizes and concludes the results.
2.
Material and methods
Studied pumps
The studied mixing pump, called iCELLis-A, is a centrifugal pump (Figure 1 ). This pump is immersed in the tank of a bioreactor. This pump is made of three pieces. The first piece, the impeller, is placed in the center of the second piece, the base. The impeller diameter equals 6.5cm. The impeller rotation speed, written , is between 200 and 1000rpm. The diameter of the base equals 23cm. The third piece, the distributor, lies on the base (Figure 2 ). The diameter of the distributor equals 17cm. Two cross sections of the distributor are presented in Figure 3 and Figure 4 . The culture medium enters the pump by the lateral orifices of the distributor (1 in Figure 2 and Figure 3 ). The medium flows to the center of this piece and is delivered in the base (2 in Figure 2 and Figure 3) . Then, the medium is set in a rotational motion by the magnetic driven impeller and flows through the blades of the base (3 in Figure 2 ). Finally, the medium is ejected of the pump at the outlets in the top of the distributor (4 in Figure 2 , Figure 3 and Figure 4 ). As mentioned in the introduction, another pump is also studied. The influence of the flow on the kinetic of the cell death rate is investigated. This second pump, called iCELLis-B, is geometrically similar to the iCELLis-A. Its volume is 1.5 times larger than the iCELLis-A volume. 
Scale of turbulence affecting the animal cell and definition of the induced shear stress acting on the cells
A turbulent flow is characterized by a large spectrum of eddies length scales. The cells are affected by the eddies with a length scale close to the cell diameter ( c in m) (Cherry 1993; Chisti 2000; Dooley et al. 2009 ). The diameter of the mammalian cells is between 10 -5 and 1.5 10 -5 m (Migita et al. 2010) . Therefore, as it can be observed later in the simulation of the flow in the pump, the eddy scale affecting the cells is between the Kolmogorov micro-scale ( in m, Eq.
(1) where L is the density of the culture medium in kg/m³, is the dynamic viscosity of the medium in Pa s and is the turbulent kinetic energy dissipation rate in m²/s³) and a scale in the inertial range ( in m) (Pope 2000; Ranade 2002 ). (1)
The shear stress ( in Pa) is the product of the dynamic viscosity of the medium and the velocity gradient of the flow (Eq. (2) where is the velocity in m/s, and is the position in m). In this work, the turbulence is assumed isotropic at the scale of the cells. The expression of the velocity gradient depends on the considered scale of the isotropic turbulence. At the Kolmogorov micro-scale, the velocity gradient is given by Eq. (3). In the inertial range, the velocity gradient is given by Eq. (4) (Batchelor et al. 2002) . Therefore, the shear stress acting on the cells considered in this work is given by Eq. (5) and depends on the cell diameter. The cell diameter is assumed to equal 10 -5 m.
Simulation of the flow in the studied pumps
The appropriate configuration of the simulations is identified by comparison of the results for different equation models, geometry mesh refinements and numerical resolution methods. These results are reported in a previous work (Gelbgras 2011) . In the following subsections, this identified configuration is described.
Models
The CFD simulations are realized with Gambit 2.4 and Fluent 6.3. The simulations are realized with the unsteady sliding mesh (SM) model. Because of the large Reynolds numbers of the pump (between 10 5 and 10 6 , Eq. (6) where in m is the radius of the impeller and * in m/s is the medium velocity magnitude at the end of impeller), the flow in the pump is turbulent. The Reynolds Averaged Navier Stokes (RANS) equations are solved. The standard − models are selected ( is the turbulent kinetic energy in m²/s²). These models are suited for a large range of industrial turbulent flows (Versteeg et al. 1995) .
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The first step of the systematic procedure of the CFD simulations is the mesh of the studied devices with Gambit 2.4.
Firstly, the geometry is imported from an AutoCAD file. The pump is placed in a closed box representing the tank of the bioreactor and the medium to mix. Therefore, the only boundary condition to specify will be the impeller rotation speed.
Secondly, for the implementation of the simulation SM model, two zones are defined in the tank. A first zone, called the rotor, is a zone of the medium encircling the impeller in the base of the pump ( Figure 5 ). The second zone, called the stator, is the rest of the medium (in the pump and in the tank). The interface between the two zones has to be a revolution surface (© Fluent Inc. 2006). Thirdly, the geometry is meshed. Considering the complexity of the geometry, a mesh with tetrahedral volumes is generated with a T-grid scheme. The selection of the tetrahedron size is led by the mesh quality and the number of tetrahedron. Considering the solution accuracy and the time of the solution convergence, the tetrahedron size equals 4mm.
Numerical resolution of the transport equations with Fluent 6.3
The second step of the systematic procedure of the CFD simulations is the numerical resolution of the RANS, − and continuity equations with Fluent 6.3.
Firstly, the solver settings and the flow models are selected. Because the studied flow is incompressible, the pressure-based solver is selected (with an implicit formulation). For the coupling of the pressure and velocity equations, the selected algorithm is the SIMPLE. The culture medium is assimilated to water (density: L = 998.2kg/m³, dynamic viscosity: L = 1.003 10 -3 Pa s). The second order upwind discretization scheme is used for the momentum and − conservation equations. The convergence criteria are fixed to 10 -3 . The formulation of the time discretization scheme is implicit and the time step size corresponds to an impeller rotation of 1 degree.
Secondly, the independence of the solution towards the initial conditions and the mesh is assessed by the monitoring of the distribution of the shear stress acting on the cells, written v ( i , j ). v ( i , j ) is the fraction of the volume with a shear stresses acting on the cells (defined in section 2.2) between i and j .
To control the independence of the solution towards the initial condition,
is monitored during five impeller revolutions. For the studied geometries and considering the distribution of v ( i , j ), the steady state seems to be reached after the first impeller revolution.
To control the independence of the solution towards the mesh, v ( i , j ) is monitored. When a solution independent of the initial conditions is reached for the initial mesh, v ( i , j ) is evaluated. Then, the mesh is refined. The tetrahedrons selected for the refining have a velocity gradient between 10% of the maximal velocity gradient in the whole pump and 100% of this maximal velocity gradient. The iterations are performed until a new steady state is reached, and v ( i , j ) is evaluated once again. This procedure is repeated for several refinements. For the studied geometries and considering the distribution of v ( i , j ), the solution is independent on the mesh after the second refinement.
Definition of the time averaged shear stress acting on the cells
To take into account the exposure time of the cell to the shear stress, the time averaged shear stress acting on the cells is defined by Eq. (7) (where k is the shear stress acting on the cells in the tetrahedron k of the mesh in Pa, k is the residence time of the cells in a tetrahedron k in s, and n is the number of the tetrahedrons in the mesh).
The residence of the cells in the tetrahedron k is defined as the ratio of the volume of the tetrahedron k ( k in m³) and the product of the vector of the flow cross section ( k in m²) and the velocity vector of the flow ( k in m/s). , k and k are directly evaluated with Fluent. 
Global characteristics of the pumps
To characterize a pump, its outflow rate and its pressure head have to be estimated to insure the required conditions for the process.
The theoretical outflow rate ( th in m³/s) and the theoretical pressure head ( th in m) of a pump are given by Eq. (8) and Eq. (9) (where is the capacity of the pump in m³/(s rpm) and is the gravitational acceleration in m/s²). With these parameters, the theoretical similitude group ( s,th ) can be evaluated Eq. (10)). th = . The real similitude group ( s,r ) is estimated with the real outflow rate ( r in m³/s) and the real pressure head ( r in m) (Eq. (11)). The efficiency factor of the pump ( s ) is defined as the ratio of s,r and s,th (Eq. (12)). If the energy losses by friction are identical between two geometrically similar pumps, their efficiency factors are also identical. However, the change of the impeller rotation speed or the pump scale implies a modification of the magnitude of these losses. To take into account this phenomenon, a correction equation can be applied. Some correction equations are available in the literature (Poulain 1997) . In this work, the used correction equation is the Pfleiderer correlation (Eq. (13)) depending on the Reynolds numbers of the flow (Re, Eq. (6)) and the impeller radii. The subscripts A and B reference the iCELLis-A and iCELLis-B, respectively. 
r,B and r,B can be obtained from CFD simulations. The characteristics of the iCELLis-B are determined without experimental measurements on iCELLis-B. The following procedure can be used. Firstly, the theoretical outflow rate and pressure head of the two studied pumps are evaluated with Eq. (8) and (9). Secondly, the real outflow rates of these two pumps are estimated with Fluent simulations. Thirdly, the real pressure head of the iCELLis-A is experimentally estimated. The theoretical similitude group, the real similitude group and the efficiency factor of the iCELLis-A are then evaluated with Eq. (10), (11) and (12). With the efficiency factor of the iCELLis-A, the efficiency factor of the iCELLis-B is estimated using Eq. (13) and this gives the real similitude group of the iCELLis-B (Eq. (12)). Finally, the real pressure head of the iCELLis-B is estimated using Eq. (11). This procedure to determine the real pressure head of the iCELLis-B is summarized in Figure 6 . 
Experimental measurement of the outflow rates and of the pressure heads
To measure the outflow rates and the pressure heads of the pumps, a graduated cylinder is placed on the distributor of the pumps. The outflow rates are determined by measurements of the axial velocity of the flow along this cylinder before the medium reaches the pressure head. The pressure heads are measured when the medium reaches a static level.
Time evolution of the viable cell concentration and of the total cell concentration
A balance for the viable cells in the medium, of which the concentration is written (number of cells by unit of the medium volume in cell/m MED 3 ) leads to Eq. (15). The time evolution of is assumed to be first order with respect to . is the specific growth rate of the cells (in s -1 ) and D time,av is the kinetic parameter of (17) and (18). To estimate and D τ time,av , some cell cultures are realized. Their operating conditions are described in section 2.5.1. During these cultures, the time evolutions of and TOT are followed. For given values of and D τ time,av , the time evolution of and TOT during the experimental time interval are computed with Eq. (17) and (18) and compared to the experimental data. and D τ time,av are adjusted to minimize the sum of the quadratic differences between the computed and the experimentally determined cell concentrations (for two successive measurements). 
Experimental cell cultures
The iCELLis-A is placed in a tank with an effective medium volume of 5 10 −3 m MED
3
. Cultures of Chinese Hamster Ovary (CHO) cells in suspension are realized for different impeller rotation speeds (200, 400, 600 and 1000rpm). The culture medium is the POWER CHO 1 medium, specially adapted for the culture of CHO cells in suspension (LonzaBio 2010). The conditions of the culture as the pH, the temperature, the species concentrations ... are regulated during the process. The species concentration ranges are given in Table 1 . During the cultures, the viable cell concentration and the total cell concentration are measured. These measurements are done by counting cells under microscope with the Trypan Blue Dye Exclusion method (Freshney 2005) . The measurements are realized during the phase of the cell growth (the first four days of the culture). 
3.
Results and discussion 3.1. Global characteristic of the pumps
Theoretical characteristics of the pumps
The theoretical outflow rate and pressure head of the iCELLis-A and iCELLis-B are presented in Figure 7 and Figure 8 , respectively. The theoretical similitude group of both pumps ( s,th,A = s,th,B ) equals 0.154. 
Real characteristics of the iCELLis-A
The CFD computed outflow rates of the iCELLis-A are in good agreement with the experimental outflow rates (Figure 9 ). This agreement is a first level of simulation validation. The real outflow rate is a linear function of the impeller rotation speed as the theoretical outflow rate (Eq. (8)). In Figure 10 , the experimental measurement of pressure head is presented as a function of the impeller rotation speed. As the theoretical pressure head (Eq. (9)), the real pressure head is proportional to the square of the impeller rotation speed. The real outflow rate and pressure head of the iCELLis-A enable to estimate the real similitude group of the iCELLis-A. s,r,A equals 0.514. This value is in the range (0.1;0.750) mentioned by Perry et al. (1999) for this kind of pump. The efficiency factor of the iCELLis-A equals 3.338. 
Real characteristics of the iCELLis-B
The efficiency factor of the iCELLis-B is obtained by the application of the correction equation of Pfleiderer (Eq. (13)) and equals 0.334. With the efficiency factor and the theoretical similitude group of the iCELLis-B, the real similitude group is evaluated and equals 0.460. The CFD computed outflow rates of the iCELLis-B are in good agreement with the experimental outflow rates (Figure 11 ). The CFD computed outflow rate is always larger than the experimentally determined outflow rate. It is assumed to be due to the operating setting of the pump. Indeed, for instance, the duration to reach an impeller rotation speed equal to 700rpm is measured and equals 8s. Such a duration has a significant influence on the experimentally determination of the outflow rate because the duration of the medium elevation in the graduated cylinder is not much larger than this duration.
With the real similitude group and the real outflow rate of the iCELLis-B, its real pressure head can be calculated (Eq. (11)). In Figure 12 , the calculated real pressure head of the iCELLis-B is compared to the experimental measurement of this pressure head. A good agreement is observed and enables to validate the method to evaluate the real pressure head of a second pump from the global characteristic of a reference pump and without experimental measurement on the second pump. The evaluation of the pressure head without taking into account the correction of the real similitude group (Eq. (13)) is also presented in Figure 12 . It can be observed that the application of the correction equation enables to obtain a more accurate evaluation of the real pressure head. Furthermore, the real pressure head is much smaller than the theoretical pressure head (comparison of Figure 8 and Figure 12 ). Therefore, a theoretical approach is not sufficient to evaluate the global characteristic of the pump. 
Time averaged shear stress acting on the cells and its relation
Identification of the specific growth rate of the cells and the kinetic parameter of the cell death rate
To identify a n d D time,av , some cell cultures are realized with several impeller rotation speeds. The time evolutions of and are presented in Figure  14 . changes during the culture. A lag phase can be observed, followed by an exponential growth phase, and followed by a growth deceleration phase. The experimental and computed time evolutions of the total cell concentration for different impeller rotation speeds of the iCELLis-A are presented in Figure 15 t o Figure 18 . An excellent comparison between the experimental and the computed time evolution can be observed. The identified values of D time,av u s e d t o c o m p u t e t h e t i m e e v o l u t i o n o f t h e t o t a l c e l l concentration in Figure 15 to Figure 18 are presented in Table 2 . Exp. 
Change of scale and design
The simulations of the flow in the iCELLis-B enable to evaluate the time averaged shear stress acting on the cells (Figure 20 
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Conclusions
During a cell culture in a bioreactor, the cells are exposed to the shear stresses generated in the culture medium by the mixing device. This exposition can induce cell damages. Therefore, the shear stresses are an important parameter to take into account for the design of bioreactors. An accurate modeling of the flow and the induced shear stresses in the medium and their influence on the cell viability is a tool to achieve an efficient design of a bioreactor. In this work, a new design of mixing device is considered. The studied device, called iCELLis-A, is a centrifugal pump developed by the biotechnological company, Artelis S.A.. Another pump, geometrically similar to the iCELLis-A, is also studied. This second pump is called iCELLis-B. The objectives of this work are to propose a method, based on CFD, to evaluate the flow and the induced shear stresses in the centrifugal pump. The flow and the induced shear stresses are correlated to experimental measurements of the time evolution of the viable cell concentration. On the basis of this correlation, a model is developed to establish the kinetic of the cell death as a function of the CFD computed flow and induced shear stresses.
The eddies affecting the animal cell have a size close to the cell size. Therefore, the considered shear stress is defined as a function of the cell size (Eq. (5)). To take into account the time exposition of the cell to the shear stress, a time averaged shear stress acting on the cells is defined.
The global characteristics of the iCELLis-A are studied. The real outflow rate is evaluated from the CFD simulation. This result is experimentally validated on a prototype of the pump. On this prototype, the real pressure head is measured. The outflow rate and the pressure head enable to evaluate the real similitude group. The relation between these three global characteristics are used as model to estimate the real pressure head and the real similitude group of the iCELLis-B only from the computed outflow rate of this pump (Figure 6 ). The calculated real pressure head of the iCELLis-B is successfully compared with experimental data obtained on a prototype of the pump. The time averaged shear stress acting on the cells of the iCELLis-A, evaluated from CFD, is a linear function of the impeller rotation speed.
To study the influence of the time averaged shear stress on the cell viability, some cell cultures are realized with different impeller rotation speeds. During these cultures, the time evolutions of the viable cell concentration and of the total cell concentration are followed. A model of these time evolutions is defined. In this model, two kinetic parameters characterize the cell growth rate and the cell death rate. With the experimental evolutions of the viable cell concentration and the total cell concentration, both kinetic parameters are evaluated. An excellent comparison is reached between the experimentally determined and the computed cell concentration. The kinetic parameter of the cell death rate is a linear function of the time averaged shear stress acting on the cells (Figure 19 ). This function can be used to evaluate the kinetic parameter of the cell death rate from the time averaged shear stress acting on the cells for other pumps.
The time averaged shear stress acting on the cells in the iCELLis-B is evaluated from the CFD simulations. Then, the kinetic parameter of the cell death rate is estimated. For a given value of the real outflow rate, the cell death rate is larger in the iCELLis-B than in the iCELLis-A.
With the characterized relation between time,av and D and the knowledge of , the time evolution of the viable cells in a pump can be evaluated only from numerical simulation, thus without realizing expensive cell cultures. In a future work, some cell cultures will be realized in a bioreactor mixed by the iCELLis-B pump. The experimentally determined time evolutions of the viable and the dead cell concentration will be compared to the modeling determined time evolutions of the viable and dead cells in order to complete the validation of the presented work. Other indicators of the cell damage will be also followed, for instance the lactate deshydrogenase concentration. Time averaged shear stress acting on the cells Pa
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